Abstract: Nowadays, more and more lamp types are being used. Since different lamp types have different working principles, they also have different flicker responses. This paper shows the measurement results of different flicker responses for various types of lamps. These results prove that the UIE/IEC flickermeter, which has been used widely around the world for many years, cannot be used to advise on the flicker level of all lamp types. This is because of the fact that this flickermeter is based on a 230 V, 60 W or 120 V, 60 W incandescent lamp and can be used as reference only for this type of lamp or as reference to the standard. The UIE/IEC (International Union for Electricity Applications/International Electrotechnical Committee) flickermeter and the existing standards are therefore insufficient for other lamp types. This paper describes a proposal to improve the UIE/IEC flickermeter.
Introduction
Flicker is the impression of unsteadiness of visual sensation induced by a light stimulus whose luminance or spectral distribution fluctuates with time [1] . It is caused by rapid voltage fluctuations in the electric power system, which are usually caused by industrial loads, for example arc furnaces, resistive welding machines and so on. In the lowvoltage grid, elevators, welding machines and copiers often cause flicker problems. Flicker can create distress and annoyance for sensitive persons who are exposed to it. There are several standards that prescribe requirements for the flicker emission level of equipment in the electric power system, for example IEC 61000-3-3, IEC 61000-3-5 and so on.
In the Netherlands, the grid operators' database of complaints on voltage quality shows that almost 60% of all complaints concern flicker [2] . From [3] it is clear that the average values of the long-term flicker indicator P lt increased from 1996 to 2004 in the low-voltage grid in the Netherlands. Furthermore, it can be concluded that the number of customers with a higher P lt value (higher than the limit of 1) increases if all values of P lt are assumed to be distributed normally. Grid operators in the Netherlands are already aware that the flicker problem is the main source of customers' complaints. The evaluation and measurement of flicker therefore becomes an important topic of research.
The well-known UIE/IEC flickermeter [4, 5] has been used extensively for many years for flicker measurement. The short-and long-term flicker indicators P st and P lt can be obtained directly by using the UIE/IEC flickermeter. Fig. 1 shows the structure of the UIE/IEC flickermeter, which is composed of five blocks. A 'lamp -eye-brain' system is imitated successfully by using a weighting filter, a squaring multiplier and a smoothing filter in the UIE/IEC flickermeter to simulate three functions: (i) the lamp response to the supply voltage variation, (ii) the perception ability of the human eye and (iii) the memory tendency of the human brain [6] . However, the weighting filter, which is used to simulate the combined lamp illuminance response to the voltage fluctuation and the eye response to the lamp illuminance, is only based on the flicker response to sinusoidal voltage fluctuations of a coiled filament gasfilled 230 V, 60 W or 120 V, 60 W incandescent lamp [5] .
Nowadays, there are numerous different types of residential lamps available on the market. Fluorescent lamps, compact fluorescent lamps (CFLs) and halogen lamps are becoming increasingly popular for residential lighting. Because of the different working principles of the various lamp types, the flicker responses of these lamps to voltage fluctuations differ considerably.
In this paper, Section 2 gives a simple comparison of the working principles for various types of lamps, whereas Section 3 shows the flicker response measurements for
816
IET Gener. 
Working principle of lamps
The lamp converts electrical energy into visible light. However, different types of lamps have different processes for converting this electrical energy into visible light [7] .
The incandescent lamp converts electrical energy into electromagnetic radiation by heating the filament when electrical current flows through it. The electromagnetic radiation then produces visible light and other invisible radiation. The lamp voltage and current have a sinusoidal waveform, with no phase shift between them [4] . Fig. 2 shows the measured voltage and current characteristic curve of a 230 V, 60 W glass incandescent lamp. The measurement results demonstrate that the incandescent lamp features a resistive load characteristic [8] . The illuminance (the luminous flux received by an elementary surface divided by the area of this surface; it is expressed by lux [1] ) of the incandescent lamp has also a sinusoidal waveform, similar to the waveform of the electrical power of this lamp [4] .
The working principle of a halogen lamp is the same as that for an incandescent lamp. The lamp contains a small inner bulb filled with halogen. The tungsten molecules evaporate from the filament and cause a chemical reaction with the halogen molecules. This reaction in turn causes the tungsten molecules to re-deposit onto the filament surface instead of the bulb surface, as happens with an incandescent lamp. The halogen lamp therefore shines brighter at a higher temperature or has a longer lifespan than an incandescent lamp.
The fluorescent lamp has a totally different working principle than the incandescent lamp. It is composed of a lamp tube (which contains two electrodes in a glass tube filled with gas and mercury) and ballast (which is an essential component to control the current of the tube). The inner surface of the lamp tube has a phosphor coating. The electrical current, which passes through the electrodes, causes mercury atoms to release ultraviolet photons. These photons in turn stimulate the phosphor, which emits visible light photons. The measured voltage and current of the lamp tube are shown in [3] . The lamp tube voltage is a square wave with switching transients instead of a sinusoidal wave. This voltage shape is caused by the quantum energetic threshold for the excitation of the mercury atoms inside the lamp tube, which is related to the energy of the electrons [9] . For the lamp tube, the energy of the electrons cannot exceed the energy needed for excitation of the mercury atom. This is because of the fact that the electrons start to lose their energy as the excitations of the mercury atoms intensify. The energy of the electrons increases monotonically with the voltage across the lamp tube. The electron energy limitation must limit the lamp tube voltage as a result. Therefore any further increase in the lamp tube current cannot increase the lamp tube voltage and will only increase the illuminance of the fluorescent lamp. The measured voltage The resistance of the lamp tube decreases when the supply voltage increases. This is because of the fact that, when the voltage between the electrodes increases, the number of discharged electrons also increases, and the discharge current also increases. This ultimately results in a decreased lamp resistance.
The measured instantaneous illuminance of a 15 W fluorescent lamp, an 11 W energy-saving lamp and a 9 W CFL with electromagnetic ballast is shown in [10] . The illuminance is a half-cycle sinusoidal waveform instead of a whole-cycle sinusoidal waveform of an incandescent lamp. This is because of the fact that the current of a fluorescent lamp is modulated by the ballast. Furthermore, the electronic ballast has a better modulation characteristic than electromagnetic ballast (operation frequency 50 Hz) because of the higher operation frequency (.20 kHz).
Flicker responses of different lamp types
Since the different lamp types have different working principles, their flicker responses differ. This section shows the flicker responses of different lamp types using experimental tests. The tested lamps are † 60 W glass incandescent lamp, † 20 W brilliantline pro-tungsten halogen lamp, † 15 W four-foot fluorescent lamp, † 11 W CFL with electronic ballast, that is energy-saving lamp, † 9 W CFL with magnetic ballast and † 3.4 W light-emitting diode (LED) lamp.
Experimental test set-up
The flicker response measurement set-up is shown in Fig. 3 . A programmable power source, remote-controlled by a computer, is used to generate an arbitrary voltage waveform. The average and instantaneous illuminances of the lamps are measured using a photodetector and an illuminance meter (luxmeter). The power quality monitor, which is based on the UIE/IEC flickermeter principle, measures the short-term and long-term flicker indicators P st and P lt . The oscilloscope is used to record all measurement data, which are transferred to a computer. The tested lamp and photodetector are enclosed in a box coated with a white colour on the inner surface.
Mathematical analysis of measurement results
All measurements stated in this paper were carried out using a sinusoidal modulated voltage waveform. The illuminance of all lamp types depends on the electrical power consumed by the lamp. The illuminance of the lamp should therefore be proportional to the electrical power consumed by the lamp. Under flicker conditions, the modulated voltage can be described as follows
where v is the carrier voltage angular frequency (it equals 2pf ), f is the carrier voltage frequency, v m (it equals 2pf m ) is the modulating voltage angular frequency, f m is the modulating voltage frequency, m is the amplitude modulation factor.
The square of the modulated voltage is
If the lamp is assumed as a linear load, the electrical power consumed by the lamp will be proportional to the square of the modulated voltage. The electrical power consumed by the The relative illuminance variation is used to evaluate the illuminance variation for the various types of lamps since the average illuminance is not exactly the same for different lamps. This relative illuminance variation can be calculated using the following equation
where L r is the relative illuminance variation of the f m component for different lamp types, L f m is the absolute illuminance of the f m component and L av is the average illuminance of this type of lamp. It is obtained using a luxmeter and selected as a base value in the calculation.
In order to show the different flicker responses of different lamp types, the per unit value of the relative illuminance variation for different types of lamps is used (see Fig. 4 ). Since the incandescent lamp is used as a standard lamp in
[5], the illuminance variation of the incandescent lamp for different modulating voltage frequencies is selected as base value L b . The relative illuminance variation per unit can be calculated by
where L unit ( f m ) is the relative illuminance variation per unit value of f m .
Measurement results
Four types of measurements have been conducted for six different types of lamps. The measurement results are shown in this section.
Standard modulating voltage amplitude
In order to show the different flicker responses of different lamp types, a measurement was carried out using the modulating voltage amplitude (DV ) shown in Table 2 , which is calculated from the values of the relative voltage fluctuation shown in Table 2 . Since the relative voltage fluctuation values in Table 2 are obtained from Table 2 is equal to two times the Table 2 can generate one unit of the maximum instantaneous flicker level P inst,max (i.e. the maximum perceptibility at output 5 of the UIE/IEC flickermeter) (see Fig. 1 ). The short-term flicker indicator P st should be less than one when the maximum instantaneous flicker level P inst,max reaches one.
The average illuminance of the tested lamps under normal voltage condition (without flicker) was recorded. Then a total of 36 different modulated voltages with different modulating voltage frequencies and the corresponding modulating voltage amplitudes, which are shown in Table 2 , were supplied to the tested lamps by the programmable power source. The absolute illuminance variations of the tested lamps under each modulated voltage condition were recorded as well. The relative illuminance variations of the tested lamps for each modulating voltage frequency (totally 36 frequencies) were calculated by (3). These relative illuminance variation values demonstrate the flicker response of the tested lamps. As mentioned in Section 2, the relative illuminance variation per unit value is used to compare the different flicker responses of various lamp types better. By selecting the relative illuminance variation of the incandescent lamp for each modulating voltage frequency as the base value, the values of the relative illuminance variation per unit of the tested lamps were calculated by (4) . The relationship between the relative illuminance variation per unit value L unit and the modulating voltage frequency for different types of lamps is presented in Fig. 4 . Fig. 4 shows that the incandescent lamp is most sensitive to flicker. The energy-saving lamp is most insensitive to flicker when the modulating voltage frequency is less than 15 Hz. The halogen lamp becomes the most insensitive to flicker when the modulating voltage frequency varies between 15 and 25 Hz. This is because of the fact that the tested halogen lamp operates at 12 V instead of a 230 V supply voltage level. An additional electronic transformer is used for this halogen lamp. This electronic transformer therefore influences the flicker response of the halogen lamp. For the energy-saving lamp, the specific working principle of the lamp tube and additional electronic ballast results in a more stable lamp voltage and current under flicker conditions. It is therefore insensitive to flicker [11, 12] .
The results in Fig. 4 also demonstrate that the lamps might not be obviously annoying to human beings, except for the incandescent lamp when the modulation voltage amplitude is as high as the value given in Table 2 . www.ietdl.org
Instantaneous flicker curves measurements
To evaluate the flicker level, the simplest method used by grid operators is to use flicker curves (P st ¼ 1), which are given in the IEEE standard and UIE publication [5, 13] . is used for the condition of P inst,max ¼ 1 instead of P st ¼ 1, which is used for the normal flicker curve.
It can therefore be concluded that the incandescent lamp is most sensitive to the sinusoidal modulation voltage and the energy-saving lamp is most insensitive to the sinusoidal modulation voltage. These conclusions are in agreement with the results of the previous section.
Constant modulating voltage amplitude
The third type of measurement was carried out using the constant modulating voltage amplitude and observing the illuminance variation against the modulating voltage frequency. Another important conclusion from the above measurement results is that the illuminance amplitude variation of the modulating voltage frequency component is linearly proportional to the modulating voltage amplitude for all lamp types. To further prove this conclusion, linearity measurements were carried out in the lab for various lamp types.
Linearity measurements
This measurement is used to analyse the relationship between the modulating voltage amplitude and the relative illuminance variation when the modulating voltage frequency is kept constant (e.g. 10 Hz). Examples of measurement results for an 11 W energy-saving lamp and 3.4 W LED lamp are presented in Fig. 12 . The results shown in the figures agree with the conclusion mentioned earlier, that is there is a linear relationship between the relative illuminance variation of the modulating voltage frequency component and the modulating voltage amplitude. However, this conclusion is only true within the flicker frequency range of interest (0.5 -25 Hz) for all lamp types.
Proposal for improving the UIE/ IEC flickermeter
The UIE/IEC flickermeter simulates the lamp-eye-brain response to the voltage fluctuation in the weighting filter using a linear transfer function. As shown in Fig. 1 , this filter www.ietdl.org can be considered as a combination of two filters: one is the lamp response filter that depends on the lamp type whereas the other is the eye-brain filter that depends on the perception of the persons exposed to the flicker [14] . To simplify the research problem, it is assumed that the average eye-brain filter is identical for all people. The eye-brain filter can be obtained using the weighting filter of the UIE/IEC flickermeter divided by the incandescent lamp flicker response filter. In order to determine the parameters of the lamp response filter for different types of lamps, it is necessary to study the relationship between the illuminance variation and the modulated voltage. This can be started by studying the relationship between the modulating voltage amplitude and the relative illuminance variation for each modulating voltage frequency. As explained in Section 3, illuminance waveform is a harmonic-rich waveform under flicker. The measurement results presented earlier proved that the relative illuminance variation of the modulating voltage frequency component is linearly proportional to the corresponding modulating voltage amplitude within the flicker frequency range of interest (0.5-25 Hz). After Fourier analysis of the measurement data of the instantaneous illuminance, it is also apparent that the illuminance amplitudes of the modulating voltage frequency components, with 100 þ v m and 100 2 v m , are relatively high (see Table 1 ). A linear relationship between the illuminance amplitude of these two components and the voltage modulation amplitude could not be found, as shown in Fig. 13 . As mentioned earlier, the frequency components with 100 þ v m and 100 2 v m are not interesting flicker frequencies because the human eye is not sensitive to such high frequencies.
The linear system identification method can therefore be used to define the transfer function of the lamp flicker response for different lamp types. A system identification model should be built for each type of lamp. The input of the lamp system identification model is the measured modulating voltage amplitude. The output of the lamp system Figure 12 Relative illuminance variation of 10 Hz against modulating voltage amplitude with a 10 Hz modulating voltage frequency: 11 W energy-saving lamp (solid line); 3.4 W LED lamp (dashed line) Figure 11 Relative illuminance variation of a 3.4 W LED lamp against modulating voltage frequency 
Conclusions
The flicker responses of six types of lamps were measured in the lab. The Fourier analysis was used to analyse the measurement data of the flicker responses of the different lamp types. The analysis results of the flicker responses show that the different types of lamps have different flicker responses. This is because they have different working principles. The relative illuminance variation of the modulating voltage frequency (v m ) is linearly proportional to the modulating voltage amplitude within the flicker frequency range of interest (0.5-25 Hz) for all lamp types. This linear relationship can be used to define the parameters of the lamp response filter in order to develop the weighting filter for different lamp types using linear system identification method. Finally, the flickermeter can be improved for different lamp types using this improved weighting filter.
